The non-photosyntetic alga Euglena longa harbours a cryptic plastid of unknown function. By a 22 combination of bioinformatic and biochemical approaches we found out that this organelle houses a 23 surprising set of metabolic processes. Biosynthesis of isoprenoid precursors and fatty acids is absent and 24 the tetrapyrrole pathway is incomplete, whereas phospholipids and glycolipids are still being produced in 25 the E. longa plastid. Unprecedented among non-photosynthetic plastids is the ability of this organelle to 26 make tocopherols and a phylloquinone derivative. The most striking attribute is the presence of a linearized 27 Calvin-Benson (CB) pathway including RuBisCO, together with ferredoxin-NADP + reductase and the 28 ferredoxin/thioredoxin system. We hypothesize that the linear CB pathway is regulated by the redox status 29 of the E. longa cell, in effect functioning as a redox valve bypassing the glycolytic oxidation of 30 glyceraldehyde-3-phosphate to 3-phosphoglycerate. Altogether, the E. longa plastid defines a new class of 31 relic plastids. 32 33
Introduction

44
Plastids are organelles that evolved from a cyanobacterial endosymbiont in the ancestor of Archaeplastida 45 and later found their way into other eukaryotic lineages by secondary or even higher-order endosymbioses 46 (Keeling 2013; McFadden 2014; Ponce-Toledo et al. 2017) . Photosynthetic harvesting of solar energy is 47 supposedly the primary metabolic function and evolutionary advantage of plastid acquisition. However, 48 plastids also host a variety of other metabolic pathways, such as biosynthesis of amino and fatty acids, 49 isopentenyl pyrophosphate (IPP) and its derivatives (isoprenoids), and tetrapyrroles (Neuhaus and Emes 50 2000; Oborník and Green 2005; Van Dingenen et al. 2016) . Hence, reversion of photosynthetic lineages to 51 heterotrophy typically does not imply plastid loss, and non-photosynthetic plastids are found in many 52 eukaryotic lineages (Wilson et al. 1996; Sanchez-Puerta et al. 2007; Slamovits and Keeling 2008;  53 Janouškovec et al. 2015; Kamikawa et al. 2017; Hadariová et al. 2018) . In these cases, metabolic integration 54 3 of the plastid presumably resulted in the host biochemistry being dependent on compound(s) supplied by 55 the organelle (Oborník et al. 2009; Lim and McFadden 2010; Janouškovec et al. 2015; Hadariová et al. 56 2018 ).
57
The most extensively studied relic plastid is undoubtedly the apicoplast of apicomplexan parasites 58 (especially of Plasmodium falciparum and Toxoplasma gondii) . The knowledge of the apicoplast has 59 expanded tremendously since its discovery two decades ago (McFadden and Yeh 2017) . The apicoplast is 60 ultimately derived from a red alga (Williamson et al. 1994; Moore et al. 2008; Janouškovec et al. 2010) , 61 with an ochrophyte alga being a possible direct donor of the plastids in apicomplexans and their 62 photosynthetic relatives, chromerids (Ševčíková et al. 2015; Füssy and Oborník 2017) . Except for the 63 recently characterized corallicolid apicomplexans (Kwong et al. 2019) , the apicoplast genome contains only 64 genes related to gene expression, protein turnover, and assembly of FeS clusters, not considering a few short 65 hypothetical open reading frames of unknown function (Wilson et al. 1996; Janouškovec et al. 2015) . The 66 essentiality of the apicoplast for parasite survival has attracted much attention, partly because this organelle 67 is a promising target for parasite-specific inhibitors (e.g. Miller et al. 2013; McFadden and Yeh 2017) . So 68 far, three plastid pathways (encoded by the nuclear genome) seem to condition the apicoplast retention: non-69 mevalonate IPP synthesis, haem synthesis, and type II fatty acid synthesis (FASII) . IPP biosynthesis in 70 particular is vital for the bloodstream form of P. falciparum (Yeh and DeRisi 2011) . On the other hand, the 71 mosquito and liver stages of P. falciparum are dependent on haem synthesis (Nagaraj et al. 2013 
74
Less is known about the actual metabolic functions of plastids in other non-photosynthetic algal 75 lineages. Many of them have a similar metabolic capacity as the apicoplast (Sanchez-Puerta et al. 2007;  76 Slamovits and Keeling 2008; Fernández Robledo et al. 2011) , and some house an even more complex 77 metabolism that includes amino acid biosynthesis and carbohydrate metabolism pathways (Borza et al. 78 2005; Pombert et al. 2014; Smith and Lee 2014) . Until recently, IPP synthesis seemed to be a process 79 conserved even in the most reduced relic plastids, such as the genome-lacking plastids of certain alveolates 80 (Matsuzaki et al. 2008; Janouškovec et al. 2015) , but non-photosynthetic plastids lacking the characteristic 81 plastidial (MEP or DOXP) pathway of IPP biosynthesis are now known (Kamikawa et al. 2017; Graupner 82 et al. 2018; Dorrell et al. 2019) . Thus, there is generally a metabolic reason for a plastid retention, although 83 the cases of plastid dependency differ between lineages.
84
An interesting group to study non-photosynthetic plastids are the euglenophytes. Like their prime 85 representative Euglena gracilis, most euglenophytes are mixotrophs containing a complex three-86 membranes-bound photosynthetic plastid derived from a green alga belonging to Pyramimonadales (Turmel 87 et al. 2009; Leander et al. 2017; Jackson et al. 2018 ). However, non-photosynthetic mutants of E. gracilis, 88 4 induced by an antibiotic or mutagenic treatment, are often capable of heterotrophic living even after 89 presumed plastid loss (reviewed in Krajčovič et al. 2002; Hadariová et al. 2018 ). This might be enabled by 90 metabolic independence of the E. gracilis cell on the plastid. For instance, E. gracilis was shown to possess 91 two parallel haem synthesis pathways, one located in the mitochondrion/cytosol and another in the plastid 92 (Weinstein and Beale 1983) . In the long run, this redundancy might predestine one of the pathways for loss, 93 provided that the other can efficiently supply the end-product to all compartments requiring it (Kořený and 94 Oborník 2011; Cihlář et al. 2016 ). On the other hand, localization of an essential pathway or its part 95 exclusively into the plastid will impose essentiality of the organelle as such.
96
Several lineages of euglenophytes independently became secondarily heterotrophic, but evidence 97 for the presence of a plastid has been provided only for Euglena longa (originally called Astasia longa), a 98 close relative of E. gracilis (Marin et al. 2003; Nudelman et al. 2003) . The documentation of the organelle 99 at the cytological level is spurious (Webster et al. 1967; Kivic and Vesk 1974; Hachtel 1996) , but the 100 complete plastid genome sequence was reported nearly two decades ago (Gockel and Hachtel 2000) . As 101 expected, it lacks all the photosynthesis-related genes, except for rbcL encoding the large subunit of 102 ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) . We recently documented the existence of a 103 nucleus-encoded small subunit (RBCS) of the E. longa RuBisCO enzyme synthesized as a precursor 104 polyprotein, but its processing into monomers could not be demonstrated (Záhonová et al. 2016 ). The 105 physiological role of the E. longa RuBisCO and the whole plastid remains unknown, although indirect 106 evidence suggests that the plastid is essential for E. longa survival (Siemeister et al. 1990a, b; Gockel et al. 107 1994; Hadariová et al. 2017 ).
108
To provide a key resource for investing the biology of E. longa and its plastid, we recently generated 109 a transcriptome assembly for this species and demonstrated that it is complete and directly comparable to 110 the transcriptome assemblies reported for E. gracilis (Záhonová et al. 2018) . Evaluation of a set of high-111 confidence candidates for plastid-targeted proteins enabled us to conclude that nucleus-encoded plastidial 112 proteins in E. longa employ N-terminal targeting presequences of the same two characteristic classes, as 113 known from E. gracilis. The E. longa transcriptome revealed various unusual features of the plastid 114 biogenesis and maintenance machinery shared with photosynthetic euglenophytes, but also supported the 115 lack of the photosynthesis-related machinery and suggested specific reductions of several plastidial house-116 keeping functions presumably reflecting the loss of photosynthesis (Záhonová et al. 2018 ). However, the 117 repertoire of anabolic and catabolic pathways localized to the E. longa colourless plastid has not been 118 investigated and is the subject of the present paper.
119
To chart the main paths of the metabolic map of the E. longa plastids, we searched for homologs of 120 enzymes underpinning pathways known from plastids of other species. The reconstruction was greatly 121 facilitated by the recent characterization of the E. gracilis plastid metabolic network based on a proteomic 122 5 analysis of the organelle (Novák Vanclová et al. 2019) . N-terminal regions of the candidates were evaluated 123 for characteristics of presequences predicting a specific subcellular localization to distinguish those likely 124 representing plastid-targeted proteins from enzymes located to other parts of the cell. Some of the 125 bioinformatics predictions were further tested by biochemical analyses. Our study provides the first 126 comprehensive view of a non-photosynthetic secondary plastid of green-algal origin and shows that the 127 metabolic capacity of the E. longa plastid is strikingly different from those of the apicoplast and other relic 128 plastids characterized in sufficient detail. 
145
The MEP pathway in E. gracilis provides precursors for the synthesis in the plastid of terpenoid 146 compounds connected to photosynthesis, namely carotenoids and plastoquinone (Kim et al. 2004; Novák 147 Vanclová et al. 2019) . As expected, the respective enzymes are all missing from E. longa. However, we 148 were surprized to find out that the E. longa plastid appears still involved in terpenoid metabolism, 149 specifically in its phytol branch. Photosynthetic eukaryotes generally produce three types of phytol 150 derivatives, tocopherols (vitamin E), phylloquinone (PhQ; vitamin K1) and chlorophyll (its phytyl chain), 151 starting with a common precursor phytyl-PP, which is (directly or indirectly via salvage of phytol liberated 152 by chlorophyll degradation) made by reduction of geranylgeranyl-PP synthesized in the plastid by the MEP 153 pathway (Gutbrod et al. 2019 ). E. gracilis proved to be unusual not only because of lacking the conventional 154 geranylgeranyl-PP reductase (Novák Vanclová et al. 2019 ), but also for making phytol from precursors 155 provided by the MVA pathway (Disch et al. 1998; Kim et al. 2004 ). The route of phytol synthesis from the 156 6 cytosolic isoprenoids is currently unknown, though it was proposed that phytyl-PP is synthesized in the E. 157 gracilis plastid exclusively by step-wise phosphorylation of phytol by phytol kinase (VTE5) and phytyl 158 phosphate kinase (VTE6), which are enzymes normally employed for recycling phytol from chlorophyll 159 degradation (Novák Vanclová et al. 2019) . This scheme is supported by the fact that E. longa has retained 160 VTE5 as well as VTE6, both proteins being highly similar to their E. gracilis orthologs and exhibiting 161 putative plastid targeting presequences ( Fig. S1 ; Table S1 ). Since E. longa lacks chlorophyll, these two 162 enzymes must have a function independent of phytol recycling.
163
In addition of its role in chlorophyll synthesis, phytyl-PP is used by E. gracilis to make tocopherols 164 and a PhQ derivative, 5'-monohydroxyphylloquinone (OH-PhQ; Ziegler et al. 1989; Watanabe et al. 2017; 165 Novák Vanclová et al. 2019) . All four enzymes mediating synthesis of α-tocopherol from phytyl-PP and 166 homogentisate were identified in E. gracilis and are localized to its plastid (Novák Vanclová et al. 2019 ).
167
Interestingly, orthologs of all four enzymes are found in E. longa as well, all with a typical plastid-targeting 168 presequence or at least with the N-terminal region being highly similar to the E. gracilis counterpart (Table   169 S1), consistent with their presumed plastidial localization ( Fig. 1A ). Homogentisate itself is apparently made 170 outside the plastid, most likely in the mitochondrion, as the enzyme responsible for its synthesis (4-171 hydroxyphenylpyruvate dioxygenase) is not found in the E. gracilis plastid proteome and the respective 172 proteins have a predicted mitochondrial transit peptide in both E. gracilis and E. longa (Table S1 ). Our 173 analysis thus predicts that like its photosynthetic cousin, E. longa produces α-tocopherol. To test this 174 directly, we analysed extracts from E. longa by means of HPLC-MS/MS. For comparison, we employed 175 samples from E. gracilis grown at two different conditions (in light and in darkness). Tocopherols were 176 detected in both species (Fig. 1B) , with α-tocopherol being the dominant form present in equivalent amounts 177 in all three samples (Fig. 1C ). The signals of β-and/or γ-tocopherol (indistinguishable by our method) and 178 of δ-tocopherol suggest that tocopherol cyclase, and possibly also tocopherol O-methyltransferase, of both 179 Euglena species can process substrates with or without the 3-methyl group on the benzene ring ( Fig. S2 ).
180
The synthesis of OH-PhQ in E. gracilis is understood only partially, with only three enzymes of the 181 pathway previously identified at the molecular level: the large multifunctional protein PHYLLO, apparently 
189
Nevertheless, N-terminal parts of both sequences were intact and confirmed the same subcellular 7 localization as in E. gracilis (Fig. 1A , Table S1 ). In agreement with these insights, OH-PhQ could be 191 detected in an extract from the E. longa culture ( Fig. 1D, Fig. S3 ), although its abundance was smaller 192 compared to that in E. gracilis by an order of magnitude ( Fig. 1E ). 
229
However, the protein sequences of both MenA and MenG enzymes in E. longa carry typical plastid-targeting 230 presequences, so they are unlikely to operate in the plasma membrane. We thus propose that OH-PhQ in E.
231
longa is involved in a hitherto uncharacterized, photosynthesis-unrelated plastid-resident process. Table S2 ). This is not due to a general reduction of amino acid metabolism in E. longa or the 280 incompleteness of the sequence data, as its transcriptome assembly includes homologs of enzymes required 281 for the synthesis of all 20 proteinogenic amino acids, but the respective proteins have predicted localization 282 in compartments other than the plastid (Table S2 ).
283
Amino acids in the plastid are not only substrates of protein synthesis, but also serve as precursors (Table S3 ).
290
De novo synthesis or salvage of purines and pyrimidines is also absent from the plastid of both Euglena 291 species, except for one step present in E. gracilis but apparently not E. longa: the former exhibits two forms 292 of CTP synthase, one presumably cytosolic and another with a plastid-targeting presequence and found in (Table S3 ). The lack of a separate plastidial CTP source in E. longa may reflect 295 the presumably lower magnitude of RNA synthesis (and possibly also less extensive phospholipid synthesis 296 requiring CTP in the reaction catalysed by CDP-diacylglycerol pyrophosphatase) in its plastid. Finally, E. 297 longa possesses an ortholog of an enzyme involved in the synthesis of polyamines (spermidine synthase) 298 found in the plastid proteome of E. gracilis (Novák Vanclová et al. 2019) , but (in contrast to the E. gracilis 299 protein) its N-terminus does not fit the characteristics of a plastid-targeting presequence, suggesting that its 300 subcellular localization may be outside of the plastid (Fig. S4 ). However, we found out that both E. longa 301 and E. gracilis have another version of this enzyme with an obvious plastid-targeting-like presequence in 302 both species (Table S3) with an incomplete N-terminal sequence precluding confident prediction ( Fig. 2A ; Table S4 ). In contrast, 325 orthologs of only six of the E. gracilis plastid-targeted enzymes could be identified in the transcriptome of 326 E. longa: aminolevulinic acid dehydratase (ALAD), the two UROS isoforms, one of the UROD isoforms, 327 one isoform of CPOXi, and protoporphyrinogen oxidase (PPOX). The first three proteins have putative 328 plastid-targeting presequences, much like their E. gracilis orthologs. However, the respective CPOXi 329 protein has a strong mitochondrial targeting presequence, whereas the UROD protein is devoid of any 330 presequence and the presequence of the PPOX protein is markedly shorter and lacks the characteristics of a 331 plastid-targeting signal ( Fig. 2B ; Table S4 ). This suggests that only ALAD and the two UROS isoforms are 332 targeted to the plastid in E. longa, whereas the other enzymes have been retargeted to the cytosol or 333 mitochondrion in the evolution of the E. longa lineage. Strikingly, a putative E. longa homolog of the E. 334 gracilis plastid-localized porphobilinogen deaminase (PBGD), an enzyme for the reaction between those 335 catalysed by ALAD and UROS, was previously detected at both the RNA (by a Northern blot) and protein 336 level (by an immunoblot; Shashidhara and Smith 1991), but we could not identify the respective transcript 337 13 in the E. longa transcriptome data even when the raw reads were searched.
338
Intact isolated E. gracilis plastids are capable of chlorophyll synthesis from externally supplied 5-339 aminolevulinic acid (ALA; Gomez-Silva et al. 1985) , so it is possible that the E. longa plastid can 340 analogously import ALA from the cytoplasm, thus providing a substrate for the plastid-localized ALAD 341 isoform ( Fig. 2A) . The surprising absence of the previously documented plastid-localized PBGD in our 342 transcriptome data may be potentially accounted for by the lack of expression of the respective enzyme at 343 culture conditions employed by us. Hence, the pathway may theoretically proceed up to uroporphyrinogen 344 III (the product of the UROS enzyme) in the E. longa plastid, but the absence of enzymes for further 345 processing of this compound towards haem and/or chlorophyll (consistent with the lack of photosystems 346 and the cytochrome b6f complex) indicates that it is consumed by another process.
347
Uroporphyrinogen III is indeed at the beginning of a separate branch converting it in three steps to (Table S4 ). One of them is the multifunctional protein CysG, 357 which catalyses all reactions from uroporphyrinogen III to sirohaem, but the respective Euglena homolog 358 is devoid of any presequence in either species and is thus most likely cytosolic (Table S4 ). The other is a 359 stand-alone version of the enzyme (uroporphyrinogen-III C-methyltransferase) catalysing the first step of 360 sirohaem synthesis, called CobA or SirA (Table S4 ). The Euglena homologs exhibit a predicted signal 361 peptide, which is however immediately followed by a region belonging to the mature enzyme, so it is unclear 362 whether this protein is routed to the plastid (indeed it is not among the proteomically confirmed plastid 363 protein in E. gracilis). Hence, the role of the enzymes of the tetrapyrrole biosynthesis pathway in the E. 
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longa possesses predicted plastid-targeted homologs of acyl-ACP synthetases (presumably activating fatty 391 acids imported into the plastid from outside) and all enzymes required for the synthesis of phosphatidic acid 392 (PA) and its subsequent conversion to phosphatidylglycerol (PG) ( Fig. 3A ; Table S5 ). It is worth noting that 393 E. longa also has a parallel, plastid-independent, route of phosphatidylglycerol synthesis (Table S6 ).
394
No other reactions of phospholipid synthesis or decomposition beyond PG synthesis seem to operate 395 in the E. longa plastid, but interestingly, we found homologs of the enzymes of the synthesis of galactolipids 396 monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) in the E. longa 397 transcriptome (Fig. 3A, Table S5 ). All the proteins have a predicted N-terminal plastid-targeting 398 presequence, consistent with the plastidial localization of galactolipid synthesis in all other plastid-bearing 399 eukaryotes studied so far (Yuzawa et al. 2012) . In support of the bioinformatic predictions, both MGDG 400 and DGDG could be detected in lipid extracts from E. longa and E. gracilis, although galactolipid levels 401 were significantly lower in E. longa than in the control sample of E. gracilis (Fig. 3B) . The presence of 402 DGDG was further confirmed by immunofluorescence using an anti-DGDG antibody, which showed 403 DGDG to be present in small foci in the E. longa cells (white arrowheads in Fig. 3C ), presumably 404 16 representing individual small plastids. In comparison, most of the volume of the photosynthetic E. gracilis 405 cells was stained, whereas the negative control, the primary osmotrophic (i.e. plastid-lacking) euglenoid 406 Rhabdomonas costata, did not stain at all.
407
The presence of galactolipids in plastids is generally being explained by their essentiality for the 408 proper functioning of the photosynthetic apparatus, but this view has been challenged by demonstration that Fig. 3A) . Interestingly, the standard eukaryotic version 428 of the enzyme, SQD2, is present only in E. gracilis, but both species proved to share another isoform 429 phylogenetically affiliated to bacterial SqdX version of the enzyme (Fig. 4) . To the best of our knowledge, 430 this is the first encounter of SqdX in any eukaryote. The presence of SQD2 only in E. gracilis probably 431 relates to specific needs of its photosynthetic plastid. Indeed, E. gracilis contains a much larger amount of 432 SQDG compared to E. longa (Fig. 3B ) and the profile of esterified fatty acids differs between the two species 433 (E. longa lacks SQDG forms with unsaturated longer chains; Table S7 ).
434
Details of the synthesis of the saccharide moieties of glycolipids in E. longa are also worth 435 considering (Fig. 3A ). E. longa exhibits an ortholog of the E. gracilis UDP-glucose epimerase previously 436 identified in the plastid proteome (Table S5) , explaining the source of UDP-galactose for galactolipid 437 synthesis. This enzyme seems to have been acquired by euglenophytes from a bacterial source (Fig. S6) , 438 17 but, interestingly, E. gracilis encodes another enzyme, which corresponds to the plastidial UDP-glucose 439 epimerase, also called PHD1, known from plants and various algae (Li et al. 2011) . The E. gracilis PHD1 440 possesses a predicted plastid-targeting presequence (Table S5 ) and is thus also likely plastidial (although 441 this is not confirmed by proteomic data reported by Novák Vanclová et al. 2019 ). This putative redundancy 442 in UDP-galactose is apparently not shared by E. longa, possibly because of a presumably much lower need 443 for galactolipid synthesis (Fig. 3B) The presence of genes encoding both subunits of the enzyme RuBisCO in E. longa (Záhonová et al. 2016) 480 raises the question whether the Calvin-Benson cycle (CBC) as a whole has been preserved in this organism 481 to provide ribulose-1,5-bisphosphate, the RuBisCO substrate. A putative E. longa plastid triose-phosphate 482 isomerase was described previously (Sun et al. 2008 ). We confirmed not only this candidate, but additionally 483 identified homologs with putative plastid-targeting presequences for almost all remaining CBC enzymes 484 (Table S8 ). Our identification was confirmed by phylogenetic analyses (supplementary Dataset S1), which 485 showed specific relationships of the E. longa proteins to the previously characterized CBC enzymes from 486 other euglenophytes (Markunas and Triemer 2016). However, two key CBC enzymes are apparently 487 missing from the E. longa transcriptome: phosphoglycerate kinase (ptPGK) and glyceraldehyde-phosphate 488 dehydrogenase (ptGAPDH). The homologs of these enzymes present in E. longa are not orthologous to the 489 plastid-targeted isoenzymes from other euglenophytes and all clearly lack a plastid-targeting presequence 490 (Table S8 ). Hence, these are presumably cytosolic enzymes involved in glycolysis/gluconeogenesis. The 491 lack of ptPGK and ptGAPDH in E. longa means that the product of the RuBisCO carboxylase activity, 3-492 phosphoglycerate (3PG), cannot be converted (via 2,3-bisphosphoglycerate; 2,3-BPG) to glyceraldehyde-493 3-phosphate (GA3P) in the plastid and the cycle becomes a linear pathway (Fig. 5 ).
494
Assuming that the reactions catalyzed by fructose bisphosphatase, phosphoribulokinase, and 495 RuBisCO are not reversible (Raines and Lloyd 2001), the flux through this linearized CB pathway most 496 likely goes from GA3P to 3PG, with a net production of six molecules of 3PG from five molecules of GA3P 497 due to fixation of three CO2 molecules catalysed by RuBisCO. We thus need to define the origin of GA3P 498 entering the pathway. Euglenophytes do not store starch in the plastid (instead they have cytosolic 499 paramylon as a storage polysaccharide; Kiss et al. 1987) , and indeed we did not find any glucose 500 metabolism-related enzymes in the predicted E. longa plastid proteome. Hence, GA3P cannot be produced 501 by a glycolytic route in the E. longa plastid. The presence of the plastid-targeted glycerophosphate 502 dehydrogenase (Table S5 ) in principle allows for generation of GA3P from glycerol-3-phosphate (via 503 dihydroxyacetone phosphate; DHAP; Fig. 3 ), which could possibly come from the degradation of 504 glycerolipids in the plastid. However, no phospholipid-degradation enzymes (phospholipases) appear to 505 localize to the plastid in E. longa. Hence, the primary function of glycerophosphate dehydrogenase is 506 perhaps to operate in the reverse direction, i.e. to provide glycerol-3-phosphate for the plastid phospholipid 507 and glycolipid synthesis (see above). The E. longa plastid thus most likely imports GA3P or DHAP from 508 the cytosol (Fig. 5) . This assumption is supported by the presence of several members of the plastid 509 phosphate translocator (pPT) family (Fig. S7 ; Facchinelli and Weber 2011), including one phylogenetically 510 closest to a previously characterized cryptophyte transporter with a preference for DHAP (Haferkamp et al. 511 2006) . Concerning the opposite end of the hypothesized linear CB pathway, we did not identify any 512 22 candidate E. longa plastid-targeted enzyme that would metabolize 3PG further (see the absence of 3PG 513 dehydrogenase discussed above), so this intermediate is most likely exported from the plastid into the 514 cytosol, probably also by one of the members of the pPT family of transporters (Fig. 5 ).
515
The operation of CBC is inherently linked with the oxygenase side-activity of RuBisCO, which 516 converts ribulose-1,5-bisphosphate into 3PG and phosphoglycolate instead of two molecules of 3PG that 517 are produced by the regular carboxylase activity (Tabita et al. 2007) . Phosphoglycolate is metabolized in 518 the photorespiration pathway, initiated by phosphoglycolate phosphatase yielding glycolate. We did find a 519 candidate plastid-targeted phosphoglycolate phosphatase in E. longa (Table S8) (Table S5 ). A two-subunit sulfite 572 reductase seems to be present in the plastid of E. gracilis (Novák Vanclová et al. 2019 ) and both subunits 573 have highly similar homologs in E. longa (Table S4) 
575
Another crucial role of Fd in plastids is to provide electrons to ferredoxin:thioredoxin reductase 576 (FTR) mediating reduction of the protein thioredoxin (Trx). The Fd/Trx system regulates several plastid 577 CBC enzymes in response to the redox status in the stroma and, in extension, to the photosynthetic activity 578 of the plastid (Fig. 5 ). An excess of NADPH leads to electrons being relayed from reduced ferredoxin to the 579 Fd/Trx system, which eventually reduces certain disulfide bonds in the target enzymes, thus changing their (Table S9 ). Specific motifs necessary for the function of the Fd/Trx system 583 25 (Schürmann and Buchanan 2008) are conserved in the respective E. longa proteins (Fig. S8) , consistent with 584 the Fd/Trx system being functional in this species. In addition, two E. longa CB pathway enzymes, fructose 585 bisphosphatase (two of the three isoforms present) and phosphoribulokinase, exhibit the conserved Trx 586 regulatory cysteine motifs similar to their orthologs in E. gracilis (Fig. S8 , Table S10 ). Thus, we suggest 587 that the CB pathway in E. longa is sensitive to the redox status in the plastid, specifically to the concentration 588 of NADPH (Fig. 5 ). of RuBisCO (Kim et al. 2013; Pombert et al. 2014; Kamikawa et al. 2017; Graupner et al. 2018) . Hence, 611 the constellation of the CB enzymes retained in the E. longa plastid seems to be unique.
612
The CBC enzymes retained in various non-photosynthetic eukaryotes obviously do not serve to 613 sustain autotrophic growth, as ATP and the reducing power generated by photosynthesis are unavailable.
614
The CB pathway in Nitzschia sp. NIES-3581 was proposed to serve as a source of erythrose-4-P for the 615 synthesis of aromatic amino acid via the shikimate pathway in the plastid (Kamikawa et al. 2017 ). Although 616 not discussed in the respective report (Pombert et al. 2014) , the CB pathway in the Helicosporidium plastid 617 may likewise serve to feed the co-localized shikimate pathway with erythrose-4-P. However, such a 618 rationalization of the CB pathway in the E. longa plastid would not work, since enzymes for aromatic amino 619 acid biosynthesis in this species are apparently localized to the cytosol (Table S2 ) and thus have access to 620 erythrose-4-P produced by the pentose phosphate pathway. In addition, the need to produce erythrose-4-P 621 in the E. longa plastid would not explain the retention of RuBisCO (absent in both Nitzschia and 622 Helicosporidium). A photosynthesis-and CBC-independent role of RuBisCO was described in oil formation 623 in developing seeds of Brassica napus, where refixation of CO2 released during carbohydrate-to-fatty acid 624 conversion increases carbon use efficiency (Schwender et al. 2004) . A similar explanation is unlikely to 625 hold for RuBisCO retention in E. longa, given the lack of fatty acid synthesis in its plastid and the apparently 626 much smaller significance of oil as a reserve substance in E. longa compared to B. napus.
27
We believe that the identification of the putatively functional Fd/Trx system, despite the absence of 628 the photosynthetic electron transport chain in this species, provides one of the key hints to understanding 629 the physiological role of the linear CB pathway in the E. longa plastid. The second potentially important 630 piece of the puzzle is provided by the proteomic data from E. gracilis (Novák Vanclová et al. 2019) , which 631 indicated the presence of a unique form of GAPDH, the so-called non-phosphorylating GAPDH also 632 referred to as GapN, in the plastid (Table S8 ). This enzyme uses NADP + to directly oxidize GA3P to 3PG, 633 skipping the intermediate 2,3-BPG (and hence not leading to ATP generation) and producing NADPH rather 634 than NADH (Iddar et al. 2003) . In plants, this enzyme is localized to the cytosol and is involved in shuttling 635 of reducing equivalents from the plastid by the exchange of GA3P and 3PG between the two compartments 636 (Rius et al. 2006 ). E. longa possesses a GapN homolog highly similar to the E. gracilis protein, including 637 an N-terminal presequence (Table S8) , consistent with its presumed plastidial localization. It thus appears 638 that in Euglena spp. GapN mediates shuttling of reducing equivalents in the opposite direction than in plants, 639 i.e. from the cytosol to the plastid (Fig. 5 ). In case of E. longa this may be the main (if not the only) 640 mechanism of providing NADPH for the use in the plastid, whereas E. gracilis would utilize it when 641 photosynthetic production of NADPH is shut down. At the same time, the shuttle provides a mechanism of 642 linking the level of NADPH in the plastid with the cytosolic concentration of GA3P.
643
Taken together, we propose that in E. longa (at specific circumstances possibly also in E. gracilis) 644 the plastidial NADPH/NADP + ratio is directly influenced by the redox status of the cell, i.e. that it rises in 645 an excess of reducing power that slows down the glycolytic oxidation of GA3P in the cytosol. This 646 stimulates the linear CB pathway via the Fd/Trx system, effectively decreasing the level of GA3 by 647 converting it to 3PG without further increasing the reducing power in the cell. This conclusion is apparent 648 from considering the overall stoichiometries of the two alternative pathways from GA3 to 3PG: 649 glycolysis: 5 GA3P + 5 NAD + + 5 ADP + 5 # $% → 5 3PG + 5 NADH + 5 H + + 5 ATP 650 CB pathway: 5 GA3P + 3 CO2 + 3 H2O + 3 ATP → 6 3PG + 3 ADP + 2 # $%
651
The key difference is that the CB pathway does not produce NADH that needs to be reoxidized to keep the 652 glycolytic pathway running, since the fixed CO2 effectively serves as an electron acceptor. Hence, turning 653 the CB bypass on may help the cell keep the redox balance when reoxidation of NADH is not efficient, e.g.
654
at hypoxic (or anoxic) conditions (although this happens at the expense of ATP). Indeed, euglenophytes in 655 their natural settings are probably often exposed to the shortage of oxygen, and anaerobiosis in E. gracilis 656 has been studied to some extent (Tucci et al. 2010; Zimorski et al. 2017 The analyses reported in this study were done using the E. longa transcriptome assembly reported previously 689 (Záhonová et al. 2018) . Protein models for annotation were generated by a custom Geneious 8. 
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Candidates for plastid-targeted proteins were identified using criteria for prediction of plastid-696 targeting presequences described in detail by Záhonová et al. (2018) . In the first step protein sequences were 697 gathered that fulfilled at least one of the following requirements: (i) the signal peptide was predicted by the 698 PrediSi v.2004 (Hiller et al. 2004 
